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The amphioxus tail bud is similar to the amphibian tail bud in having an epithelial organization without a mesenchymal
component. We characterize three amphioxus Wnt genes (AmphiWnt3, AmphiWnt5, and AmphiWnt6) and show that their
early expression around the blastopore can subsequently be traced into the tail bud; in vertebrate embryos, there is a similar
progression of expression domains for Wnt3, Wnt5, and Wnt6 genes from the blastopore lip (or its equivalent) to the tail bud.
In amphioxus, AmphiWnt3, AmphiWnt5, and AmphiWnt6 are each expressed in a specific subregion of the tail bud,
tentatively suggesting that a combinatorial code of developmental gene expression may help generate specific tissues during
posterior elongation and somitogenesis. In spite of similarities within their tail buds, vertebrate and amphioxus embryos
differ markedly in the relation between the tail bud and the nascent somites: vertebrates have a relatively extensive zone
of unsegmented mesenchyme (i.e., presomitic mesoderm) intervening between the tail bud and the forming somites,
whereas the amphioxus tail bud gives rise to new somites directly. It is likely that presomitic mesoderm is a vertebrate
innovation made possible by developmental interconversions between epithelium and mesenchyme that first became
prominent at the dawn of vertebrate evolution. © 2001 Academic Press
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During the later embryology of vertebrates, the tail bud
plays a central role in posterior elongation and continu-
ously supplies new cells for somitogenesis (Tam et al.,
2000). The tail bud is a predominantly epithelial structure
in amphibians, but includes a conspicuous mesenchymal
component in many other vertebrates (Nakao and Ishizawa,
1984; Griffith et al., 1992; Gont et al., 1993; De Robertis et
al., 1994; Catala et al., 1995, 1996; Gofflot et al., 1997;
Davis and Kirschner, 2000). This predominance of mesen-
chyme in the tail bud of many vertebrates tends to be
correlated with a delay in the termination of gastrulation:
this delay results in a continuous epithelium-to-
mesenchyme transition of surface cells, which ingress into
1 To whom correspondence should be addressed: Fax: (858) 534-
7313. E-mail: mschubert@ucsd.edu.
262the tail bud region until relatively late in embryology
(Kanki and Ho, 1997; Knezevic et al., 1998). The conspicu-
ous mesenchymal component in the tail buds of many
vertebrates influenced Holmdahl (1925) to propose that the
structure is a blastema composed of undifferentiated cells.
For many years, Holmdahl’s idea was widely accepted, but
it has recently been refuted.
The modern concept of the vertebrate tail bud originated
with Gont et al. (1993), who followed expression of Xnot2
and Brachyury continuously from distinct regions of the
blastopore lip into distinct regions of the tail bud. More-
over, they supplemented their molecular genetic data with
cell tracing and transplantation studies to show that the
gene expression accurately reflected cell lineages. Gont et
al. (1993) concluded that the amphibian tail bud is not an
undifferentiated blastema, but a mosaic of regions that
originate during gastrulation and that each region is com-
mitted to become a different tissue type. Subsequently,
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263The Amphioxus Tail BudCatala et al. (1995, 1996) showed that this conclusion about
the amphibian tail bud, which is epithelial, also holds for
the avian tail bud, which is predominantly mesenchymal;
importantly, they constructed a tail bud fate map by tracing
cells directly from specific tail bud regions to specific
differentiated structures in the posterior part of the embryo.
The evolutionary origin of the vertebrate tail bud has
received little attention. Posterior growth zones are not
uncommon in animals generally: thus, there are some
similarities between segment formation from a posterior
growth zone in metameric protostomes and the participa-
tion of the tail bud in somitogenesis during later embryol-
ogy of vertebrates. Even so, it remains an open question
whether these structures are homologous, and the verte-
brate tail bud is commonly regarded as an innovation that
first appeared in the chordate line of descent (Richardson et
al., 1998). The chordates comprise, in addition to the
vertebrates, two invertebrate groups, namely tunicates and
amphioxus. Tunicates have no tail bud, because their
posterior extension is by rearrangement of preexisting cells
(Katsuyama et al., 1999). In contrast, amphioxus has a tail
bud that is unequivocally homologous to that of verte-
brates.
Amphioxus, as the closest living invertebrate relative of the
vertebrates, is the best available stand-in for the proximate
ancestor of the vertebrates (Holland and Chen, 2001). Thus,
the amphioxus tail bud is especially interesting, because it
presumably affords a glimpse of the tail bud at the dawn of
vertebrate evolution. Our present work has three purposes: (1)
We describe the amphioxus tail bud in order to clear up some
confusion in the literature: Presley et al. (1996) regarded the
amphioxus tail bud as mesenchymal, whereas it is usually
described as predominantly or entirely epithelial (Hatschek,
1881; Kopsch, 1897; Naef, 1926). (2) We trace the developmen-
tal expression of three amphioxus Wnt genes from the blas-
topore lip to specific regions of the tail bud; these three genes
(AmphiWnt3, AmphiWnt5, and AmphiWnt6) have vertebrate
homologs known to be tail bud markers. And, (3) we deter-
mine the rate of somitogenesis from the tail bud throughout
larval life. We find that the amphioxus tail bud has much in
common with the amphibian tail bud as described by Gont et
al. (1993). However, the tail buds in amphioxus and verte-
brates differ markedly in their relation to the forming somites.
Amphioxus lacks a vertebrate-like zone of presomitic meso-
derm between the tail bud and the nascent somites, which
arise directly from the tail bud. These findings are discussed
within the context of the evolution of chordate segmentation.
METHODS
Animal Culture and Measurement of Segmentation
Rate
Ripe specimens of the Florida amphioxus (Branchiostoma flori-
dae) were collected by shovel and sieve in Old Tampa Bay, Florida.
Amphioxus gametes were obtained by electrical stimulation, and
cultures of embryos and larvae were raised at 22.5°C according to s
Copyright © 2001 by Academic Press. All rightHolland and Holland (1993). Developmental stages were fixed at
frequent intervals in 4% paraformaldehyde in a buffer containing
0.1 M Mops, 2 mM MgSO4, 1 mM EGTA, and 0.5 M NaCl (pH 7.4)
at 4°C overnight, dehydrated in ethanol, embedded in Spurr’s resin,
sectioned at 3 mm with glass knives, and stained in 0.1% aqueous
toluidine blue; segment numbers were determined from serial
frontal sections. Segments of older larvae (between 1 and 6 weeks
old) were counted in scanning electron micrographs of specimens
prepared according to Stokes and Holland (1995). For 578 adults of
B. floridae, the average number of segments was calculated from
data in Poss and Boschung (1996).
Isolation of Genes by PCR
Degenerate PCR was used to amplify 420-bp fragments of B.
floridae Wnt genes from genomic DNA. Degenerate primers spe-
cific to the most conserved region of known Wnt genes were
designed according to Sidow (1992). The PCR protocol was: 2 min
94°C; 2 cycles: 1 min 94°C, 1 min 42°C, 1 min 72°C; 33 cycles: 1
min 94°C, 1 min 63°C, 1 min 72°C; 1 cycle: 10 min 72°C). PCR
products were TA cloned into the pCR2.1 vector (Invitrogen).
The TaqPlus Precision PCR system (Stratagene) was used to
amplify the 39 and 59 ends from cDNA libraries of 8- to 18-h or
- to 4-day embryos in Lambda Zap II (Stratagene). Primers for
he isolation of the 39 ends were a vector-specific primer
59-CTTGCGGCCGCTCACTATAGGGCGAATTGGGTACC-39),
nd gene-specific primers: (AmphiWnt3) 59-AAGGGATCCGGTA-
GGACGACCTCATCTACTTCGAG-39, (AmphiWnt5) 59-GGAGG-
TCCGTACCTGAACAAGTCACCTGACTACTG-39, and (Amphi-
nt6) 59-TTGGGATCCGGGAGAGGGTACAAGGAGAGACA-
GTG-39. Primers for the cloning of the 59 regions were the vector-
pecific primer, and a primer specific for either AmphiWnt3 (59-
CTGGATCCTGCCTAACCATCACAATGAACGAGGAC-39),
mphiWnt5 (59-CACTCTAGAATGGCTAGCCTTTCCAACG-
ACCACAC-39), or AmphiWnt6 (59-CGAGGATCCCAACA-
CATATCCAGAAGACTATCGTC-39).
Phylogenetic Analysis of Wnt Proteins
AmphiWnt3, AmphiWnt5, and AmphiWnt6 proteins were exam-
ined in the context of the Wnt family as a whole by placing them in
a phylogenetic tree with all known full-length Wnt protein sequences
from Hydra, mouse, and amphioxus. The only incomplete sequence
included was AmphiWnt6. GenBank accession numbers are given in
the caption to Fig. 4. The tree was constructed with PAUP 3.1.1.
Sequences were aligned by hand including 97% of available amino
acid data, and trees were calculated in 100 random stepwise additions.
Because our analysis shows that the only known Hydra Wnt protein
(Hobmayer et al., 2000) falls within the Wnt3 clade, we used the Wnt3
subfamily members as the outgroup. One most parsimonious tree
(length 3685) was retained in 94% of the searches. Branch support was
assessed by 1000 bootstrap replicas with 10 random stepwise addi-
tions per bootstrap cycle.
In Situ Hybridization
In situ hybridization was according to Holland et al. (1996).
ertilization envelopes were removed with pins to facilitate re-
gent penetration. Riboprobes were synthesized to about 1.6 kb of
he 39 UTR and C-terminal coding regions. After photography of
he whole mounts, specimens were embedded in plastic and
ectioned.
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264 Schubert et al.RESULTS
Histogenesis of the Amphioxus Tail Bud and
Related Tissues
Figure 1 puts amphioxus tail bud formation into the
FIG. 1. Diagrams of amphioxus embryos. Midsagittal sections (A
lines in (A), (C), and (E), respectively indicate level of cross section
early neurula (arrows indicate migration of ectoderm across ne
midneurula showing somites and notochord beginning to form. (E
Frontal section of region indicated by solid line between arrowhead
cnh, chordoneural hinge; dec, dorsal ectoderm; ec, ectoderm; en, e
me, mesendoderm; nc, neurocoel; nec, neurenteric canal; nno, nasc
neural tube; ol, outer lip of blastopore; pw, posterior wall of neurecontext of morphogenesis during the neurula stage. At b
Copyright © 2001 by Academic Press. All rightmphioxus gastrulation, the vegetal hemisphere invagi-
ates into the animal hemisphere to form the mesendoder-
al and ectodermal layers, respectively. Subsequently, in
he early neurula (Fig. 1A), neurulation commences with
he overgrowth of the neural plate by the ectoderm (Fig. 1B,
rrows), which contrasts with vertebrate-type neurulation
and E) and frontal section (G) have posterior toward right, dashed
D, and F). (A) Sagittal section of early neurula. (B) Cross section of
plate). (C) Sagittal section of midneurula. (D) Cross section of
ittal section of late neurula. (F) Cross section of late neurula. (G)
). Abbreviations in alphabetical order are: anp, anterior neuropore;
erm; hgl, hindgut lumen; il, inner lip of blastopore; mc, myocoel;
otochord; no, notochord; npl, neural plate; nso, nascent somite; nt,
c canal; so, somite; tb, tail bud., C,
s (B,
ural
) Sag
s in (E
ndody invagination or neural keel formation. Amphioxus neu-
s of reproduction in any form reserved.
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265The Amphioxus Tail Budrulation is completed by a rolling up of the neural plate (Fig.
1D) into the neural tube (Fig. 1F), while the notochord arises
by an upfolding along the dorsal midline of the mesend-
oderm (Fig. 1D), which soon forms a solid cellular cord and
separates from the gut wall (Fig. 1F).
Blastopore closure also differs between amphioxus and
vertebrates. In lower vertebrates, closure results from the
simultaneous fusion of the inner and outer lips of the
blastopore; by contrast, in amphioxus, closure of the outer
lip of the blastopore (Figs. 1A and 1C) precedes that of the
inner lip (Fig. 1E). That is, first the ectoderm detaches from
and subsequently grows over the inner lip of the blastopore.
Then, by the late neurula stage (Figs. 1E and 1F), the closure
of the inner lip of the blastopore, in conjunction with the
rolling up of the neural plate, results in the formation of the
neurenteric canal and tail bud, which comprises the chor-
doneural hinge plus the posterior wall of the neurenteric
canal (Fig. 1G), but lacks mesenchyme cells. The neuren-
teric canal is, at most, a few micrometers in diameter and is
not obvious in some specimens. Hatschek (1881) and
Salvini-Plawen (2000) claimed that the hindgut endoderm
separates from what we define as the tail bud at about the
time the anus opens. In contrast, we found no signs of such
a separation in larvae up to at least 1 week old.
The Time Course of Somite Formation in
Amphioxus
The muscular segments of amphioxus, which power
undulatory swimming, are conspicuous in scanning elec-
tron micrographs of larvae (Figs. 2A and 2B). The segments
comprise a single row of muscular somites running along
FIG. 2. Scanning electron micrographs of 32-day amphioxus l
(which also causes the ventrally concave bending); the arrow in
line; scale line is 200 mm. (B) Enlargement of posterior end of la
s 50 mm.either side of the notochord. Somite formation in am- t
Copyright © 2001 by Academic Press. All righthioxus can be divided into an early and a late phase.
uring the early phase (approximately coincident with the
eurula stage), the first few somites arise as bilateral pairs
y enterocoelous outpocketing from paraxial mesoderm
Fig. 1D). This early paraxial mesoderm is formed during
astrulation and is used up during this early phase of
omitogenesis. The initial somites form rapidly, with a new
air appearing approximately every hour. Estimates of the
umber of somite pairs produced during the early phase
anges from 8 for B. floridae (Holland et al., 1997) to 14 for
. lanceolatum (Sedgewick, 1884).
During the late phase of somitogenesis (approximately
oincident with the larval period), the right series of
omites gradually becomes offset half a segment posterior
o the left ones (for reasons that are not understood).
mportantly, during the late phase, additional somites arise,
ot from paraxial mesoderm (which, as already mentioned,
s used up during the early phase), but directly from the tail
ud (Fig. 1G). Production of these new right and left somites
ppears to alternate (in correlation with the asymmetry of
he left and right somite series, mentioned above). Com-
ared with the early phase, somite formation in the late
hase is considerably slower: on average, the larvae produce
new somite on either side of the body every 18 h (Fig. 3).
The anus is located at the level of the most recently
roduced (i.e., most posterior) segment during the first 3
eeks of larval life. Thereafter, postanal segments begin to
orm (Fig. 2B, arrowhead). During the latter half of larval
ife, the number of postanal segments increases gradually to
ight (reflected by the divergence of the upper and lower
urves in Fig. 3), which is the definitive number maintained
(A) Larva with segments accentuated by critical point drying
tes the anus, which is displaced to the left of the ventral mid-
n (A) showing several postanal segments (arrowhead); scale linearva.
dica
rva ihroughout the adult stage. Somite formation ceases at
s of reproduction in any form reserved.
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266 Schubert et al.early metamorphosis when the species-specific number of
60 somites has been produced on either side (Fig. 3).
Isolation of Tail Bud-Associated Wnt Genes in
Amphioxus and Phylogenetic Analysis
PCR with degenerate primers yielded 420-bp fragments of
AmphiWnt3, AmphiWnt5, AmphiWnt6, and AmphiWnt10.
The AmphiWnt6 fragment was almost identical to a piece
of an amphioxus Wnt6 previously described in Holland et
al., (1994). Subsequent PCR recovered the AmphiWnt3 and
AmphiWnt5 coding sequences and two-thirds of the coding
sequence for AmphiWnt6 (no additional sequence for Am-
phiWnt10 was obtained). The clones of AmphiWnt3, Am-
hiWnt5, and AmphiWnt6 were used to synthesize ribo-
robes for in situ hybridization. GenBank accession
numbers are as follows: AmphiWnt3 (AF361013), Amphi-
Wnt5 (AF361014), AmphiWnt6 (AF361015), and Amphi-
Wnt10 (AF361016).
Figure 4 shows a phylogenetic analysis including Am-
phiWnt3, AmphiWnt5, and AmphiWnt6 in addition to
five amphioxus Wnt proteins analyzed previously by
Schubert et al. (2000). The present tree is based on 8 Wnt
sequences from amphioxus, 17 from mouse, and 1 from
Hydra, a nonbilaterian animal. The Hydra protein
(Hobmayer et al., 2000) falls within the Wnt3 subfamily
and permits a tentative rooting of the overall Wnt tree on
the branch between the Wnt3 and Wnt1 subfamilies
(the root location could change if additional Hydra
Wnt proteins are discovered). Amphioxus is the sister
group of the vertebrates and has not undergone the ex-
tensive gene duplications characterizing vertebrates
FIG. 3. Increase in segment number during development of the
lorida amphioxus developing at 22.5°C. The arrow indicates the
dvent of the mouth and anus, which signals the end of the embryonic
eriod and the start of the larval period. The larval period ends with
etamorphosis (Met), which is indicated by a thickening of the
orizontal axis. For later larvae (1 to 6 weeks old), segments were
ounted in scanning electron micrographs (error bars are plus or
inus one standard deviation, and the number of specimens averaged
or each data point is given). The appearance of postanal segments is
eflected by the divergence of the upper and lower curves.(Holland et al., 1994). Thus, within each Wnt subfamily, W
Copyright © 2001 by Academic Press. All rightan amphioxus sequence tends to fall at the base of the
vertebrate clade.
Developmental Expression of AmphiWnt3
AmphiWnt3 expression is first detectable around the lip
of the blastopore in the early gastrula and becomes more
conspicuous by midgastrula (Fig. 5A). In the late gastrula,
the expression around the blastoporal lip has become stron-
gest dorsally (Fig. 5B, arrowhead). By midneurula (Fig. 5C),
expression has appeared along the edges of the neural plate
(Fig. 5D) except at its anterior extremity; in addition,
transcripts are detectable in the posteriormost ectoderm
and around the inner lip of the blastopore. In the late
neurula (Fig. 5E), the curling of the neural plate carries the
neural signal into the dorsal region of the neural tube (Fig.
5F); posteriorly, expression continues in the ectoderm.
Closure of the inner lips of the blastopore (Fig. 5G, arrows)
establishes the neurenteric canal (Fig. 5H, tandem arrow),
which is continuous with the hindgut lumen ventrally, and
the neurocoel dorsally; AmphiWnt3 transcripts are detect-
ble in the posterior wall of the neurenteric canal. By 2 days
f development (Fig. 5I), a new domain of AmphiWnt3
xpression has appeared in the cerebral vesicle, where it is
trongest ventrally (Fig. 5J); elsewhere in the neural tube,
xpression has been downregulated except near the poste-
ior extremity of the neural tube (Fig. 5K); in addition,
ranscripts can be detected posteriorly in the dorsal ecto-
erm (Fig. 5K) and in the posterior wall of the neurenteric
anal (Fig. 5L). In larvae more than 1 week old, AmphiWnt3
xpression can no longer be detected.
Developmental Expression of AmphiWnt5
During normal embryology, expression of AmphiWnt5
first appears ubiquitously in the mesendoderm of midgas-
trulae, but becomes most conspicuous just within the
blastoporal lip of the later gastrula (Fig. 6A). By the early to
midneurula stage (Fig. 6B), expression is downregulated
except in the posterior paraxial mesoderm and ventral
endoderm of the hindgut (Fig. 6C). By the late neurula stage,
expression commences in the cerebral vesicle and pharyn-
geal endoderm (Fig. 6D); posteriorly, there is expression in
the nascent somites, ventral hindgut endoderm, and tail
bud (most conspicuous in the posterior wall of the neuren-
teric canal and less strong in the chordoneural hinge) (Fig.
6E). In the 3-day larva (Fig. 6F), AmphiWnt5 is expressed in
the cerebral vesicle, the pharyngeal endoderm, adjacent
ventral ectoderm, and anteriorly in the notochord (Figs. 6F
and 6G). Posteriorly, transcripts are conspicuous through-
out the tail bud and newly formed somites (Fig. 6H). In
7-day larvae (Fig. 6I), detectable expression becomes limited
to the club-shaped gland (Fig. 6J) and adjacent pharyngeal
endoderm. In larvae more than about 2 weeks old, Amphi-nt5 expression can no longer be detected.
s of reproduction in any form reserved.
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267The Amphioxus Tail BudDevelopmental Expression of AmphiWnt6
AmphiWnt6 expression is first seen in the mesendoderm
just within the blastopore of the mid- to late gastrula (Fig.
6K). By the midneurula (Fig. 6L), expression is visible at the
edges of the neural plate (Fig. 6M) in a rostrocaudally
segmented pattern in register with the second through the
fourth muscular somite. At the posterior end of the mid-
neurula, expression is limited to the most posterior paraxial
mesoderm (Fig. 6N). By the late neurula (Fig. 6O), neural
expression is no longer segmented, but is present dorsally
throughout the neural tube posterior to the cerebral vesicle
(Fig. 6P). Caudally, there is expression in the posterior wall
of the neurenteric canal and in the newly formed somites
(Fig. 6Q). In the 3-day larva (Fig. 6R), expression is limited to
the roof of the posterior extremity of the neural tube and to
the posterior wall of the neurenteric canal (Fig. 6S). In larvae
FIG. 4. Phylogenetic tree of all known full-length Wnt proteins of a
Wnt sequence included in the analysis (AmphiWnt6, which is lacking
and the Wnt3 subfamily members were used as the outgroup. The arro
and Wnt1 subfamilies. Bootstrap percentages are given at each branch
Accession Nos. are: AmphiWnt1 (AF061974), AmphiWnt3 (AF36
(AF361015), AmphiWnt7 (AF061975), AmphiWnt8 (AF190470), Amph
mouse (AF229843), Wnt2b/13 mouse (AF070988), Wnt3 mouse (M
(M89798), Wnt5b mouse (M89799), Wnt6 mouse (M89800), Wnt7a m
mouse (AF130349), Wnt10a mouse (U61969), Wnt10b mouse (U2065over 1 week old, no further expression is detectable.
Copyright © 2001 by Academic Press. All rightDISCUSSION
Expression Domains of Wnt3, Wnt5, and Wnt6
Homologs in Amphioxus and Vertebrates
Table 1 compares and contrasts expression domains of
amphioxus AmphiWnt3, AmphiWnt5, and AmphiWnt6
with those of their respective vertebrate homologs. The
table emphasizes that expression of all three amphioxus
genes, and their vertebrate counterparts, begins early
around the blastopore (or its equivalent) and can be traced
continuously into the tail bud during subsequent develop-
ment. The functional significance of this blastopore lip-to-
tail bud expression is best studied for vertebrate homologs
of Wnt3. Takada et al. (1994) generated mouse embryos
homozygous for mutant Wnt3a and demonstrated that this
gene is required for the formation of the tail bud and
oxus, mouse, and Hydra. The asterisk indicates the only incomplete
-terminal third). Tree construction was by random stepwise addition
icates a tentative rooting of the tree on the branch between the Wnt3
he length of each branch indicates relative relatedness. The GenBank
, AmphiWnt4 (AF061973), AmphiWnt5 (AF361014), AmphiWnt6
11 (AF187553), Wnt Hydra (AF272673), Wnt1 mouse (M11943), Wnt2
2), Wnt3a mouse (X56842), Wnt4 mouse (M89797), Wnt5a mouse
(M89801), Wnt7b mouse (M89902), Wnt8a mouse (Z68889), Wnt8b
nt11 mouse (X70800), Wnt16 mouse (AF172064).mphi
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268 Schubert et al.firmed and extended by Yoshikawa et al. (1997), Galceran et
al. (1999), Liu et al. (1999), and Shum et al. (1999).
The Chordate Tail Bud as a Mosaic Structure
In the amphioxus tail bud, AmphiWnt3, AmphiWnt5,
nd AmphiWnt6 are expressed in overlapping patterns
(diagrammed in Figs. 7A and 7B). These patterns may reflect
combinatorial codes of developmental genes subdividing
FIG. 5. Developmental expression of AmphiWnt3 in whole moun
cale lines). (A) Midgastrula (oblique side view) with expression aro
ip, strongest dorsally (arrowhead). (C) Midneurula with expression
D) Cross section through level of arrowhead in (C); transcripts at
osterior ectoderm, and posterior wall of neurenteric canal. (F) C
orsally in neural tube. (G) Frontal section through level x in (E); A
used inner blastopore lips (arrows). (H) Frontal section through lev
he tandem arrow indicates the neurenteric canal; expression is in
arva with expression in cerebral vesicle, posteriorly in ectoderm a
ection through level of arrowhead in (I), showing expression in the
rrow in (I) showing expression in the posterior neural tube and po
n (I) at level of notochord (arrow) and somites (arrowheads); expressthe amphioxus tail bud into a mosaic of regions, each giving A
Copyright © 2001 by Academic Press. All rightise to a specific differentiated tissue. The proposed mosaic
ature of the amphioxus tail bud has not been addressed by
ell tracing or ablation studies, because the exceptionally
mall size of the amphioxus tail bud (less than 1% of the
olume of a vertebrate tail bud) precludes such experiments
ith available techniques.
When Wnt gene expression in the tail bud region is com-
ared for amphioxus and vertebrates, both similarities and
ifferences come to light. For example, while amphioxus
-mm scale lines) and sections (counterstained pink and with 25-mm
lastoporal lip. (B) Late gastrula with expression around blastoporal
eural plate, posterior ectoderm, and around inner lip of blastopore.
s of neural plate. (E) Late neurula with expression in neural tube,
section through arrowhead in (E); transcripts most conspicuous
iWnt3 is expressed in the posterior ectoderm and in the recently
n (E) at level of notochord (single arrow) and somites (arrowheads);
rior wall of neurenteric canal and posterior ectoderm. (I) Two-day
eural tube, and in the posterior wall of neurenteric canal. (J) Cross
bral vesicle, strongest ventrally. (K) Cross section through level of
r dorsal ectoderm. (L) Frontal section through level of dashed line
s in the posterior ectoderm and posterior wall of neurenteric canal.ts (50
und b
in n
edge
ross
mph
el y i
poste
nd n
cere
steriomphiWnt3 and Xenopus Xwnt3a are both expressed in the
s of reproduction in any form reserved.
269The Amphioxus Tail BudFIG. 6. Developmental expression of AmphiWnt5 (A–J) and AmphiWnt6 (K–S); scale lines as in Fig. 5. (A) Late gastrula with
mesendodermal expression of AmphiWnt5, strongest within blastoporal lip. (B) Dorsal view of early to mid neurula showing strong
expression posteriorly in the paraxial mesoderm and ventral endoderm. (C) Cross section through level of arrowhead in (B) showing
expression posteriorly in paraxial mesoderm and ventral endoderm. (D) Late neurula with conspicuous expression in the cerebral vesicle
(arrowhead), pharynx (arrow), tail bud, and ventral hindgut. (E) Frontal section through dashed line in (D) at level of notochord (arrow) and
nascent somites (arrowheads); AmphiWnt5 is expressed in the tail bud, most strongly in the posterior wall of the neurenteric canal and
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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270 Schubert et al.posterior dorsal neural tube and the overlying dorsal ecto-
derm, AmphiWnt3 expression in the posterior wall of the
neurenteric canal has no counterpart in Xenopus (Beck and
Slack, 1998, 1999). Xenopus Xwnt5a is expressed in the
ectoderm and neural tube near the tail bud (Beck and Slack,
1998), while amphioxus AmphiWnt5 is expressed in the
chordoneural hinge and posterior wall of the neurenteric
canal. In contrast, mouse Wnt5b expression in tail bud-
associated regions of the hindgut and notochord resembles
posterior expression patterns of amphioxus AmphiWnt5.
Wnt Genes Do Not Appear Involved in Early
(Enterocoelic) Somitogenesis in Amphioxus
As mentioned, amphioxus segmentation is divisible into
an early stage of enterocoelic somite formation and a late
phase of somite production from the tail bud. During the
early, but not the late phase of amphioxus somitogenesis,
nascent somites and less conspicuously in the chordoneural hing
notochord, pharynx, anteroventral epidermis, and tail bud. (G)
expression in cerebral vesicle (arrowhead) and notochord (arrow). (H
conspicuous expression in nascent somite (arrowhead) and tail bu
(arrow) and adjacent pharyngeal endoderm, but not in endostyle (ast
in club-shaped gland (arrow), but not in endostyle (asterisk). (K) Am
the mid/late gastrula. (L) Midneurula showing expression in neu
arrowhead in (L) showing expression at edges of neural plate. (N
AmphiWnt6 in posterior mesoderm. (O) Late neurula with expr
neurenteric canal and newly formed somites. (P) Section through l
neural tube. (Q) Frontal section through dashed line in (O) at
(arrowheads) and posterior wall of neurenteric canal. (R) Posterior e
most posterior neural tube (arrowhead) and the posterior wall of th
FIG. 7. Diagrams of posterior expression domains of AmphiWnt3 (
arvae of amphioxus. (A) Frontal view of tail bud region at level of n
ud, and arrowheads indicate absence of presomitic mesoderm int
evel of x-x9 in (A), with arrows indicating possible translocation o
bbreviations in alphabetical order are: ec, ectoderm; hgl, hindgut(S) showing expression in the posterior wall of the neurenteric canal.
Copyright © 2001 by Academic Press. All rightolland et al. (1997) found that the engrailed gene is
xpressed in the posterior half of each nascent segment. The
ossible parallels between this pattern and posterior com-
artment specification in segmenting Drosophila led to a
earch for a corresponding periodic expression of am-
hioxus Wnt genes in the early paraxial mesoderm. By now,
evelopmental expression has been determined for eight
mphioxus Wnt genes, but none had a mesodermal expres-
ion pattern suggesting that it interacted with amphioxus
ngrailed to prepattern the segments (Schubert, 2001).
The Chordate Tail Bud As a Source of Posterior
Structures
The late phase of amphioxus somite formation corre-
sponds to secondary body formation in vertebrates: both
commence after the conversion of the blastopore lip (or its
equivalent) into the tail bud. In avian embryos, cell tracer
Three-day larva with expression in the cerebral vesicle, anterior
section through level indicated by arrowheads in (F) showing
ntal section through dashed line in (F) at level of notochord (arrow);
Anterior of 7-day larva showing expression in club-shaped gland
). (J) Cross section at level of arrowhead in (I); expression detectable
nt6 expression in the mesendoderm just within the blastopore of
late and posterior mesoderm. (M) Cross section through level of
oss section through level of arrow in (L) showing expression of
n in neural tube (except for cerebral vesicle), posterior wall of
of arrowhead in (O); transcripts most conspicuous dorsally in the
of notochord (arrow); transcripts are in newly formed somites
7-day larva; AmphiWnt6 expression is restricted to the roof of the
urenteric canal (arrow). (R) Frontal section through dashed line in
led), AmphiWnt5 (shaded gray), and AmphiWnt6 (hatched) in early
hord. The arrows indicate production of new somites from the tail
ing between tail bud and newly formed somites. (B) Side view at
l bud cells to the neural tube, notochord, and hindgut endoderm.
en; no, notochord; nt, neural tube; so, somite.e. (F)
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271The Amphioxus Tail Budexperiments revealed that specific regions of the tail bud
supply new cells for elongation of the notochord and central
nervous system and for production of the sacral and
caudal somites (Catala et al., 1995). Similarly, it is
easonable to assume that the amphioxus tail bud sup-
lies cells to one or more of the following tissues: neural
ube, notochord, hindgut endoderm, and somites (Figs.
A and 7B, arrows). For example, one can speculate that
he posterior wall of the neurenteric canal (coincident
mphiWnt3, AmphiWnt5, and AmphiWnt6 expression)
upplies new cells to the roof of the neural tube and to
entral hindgut endoderm (Fig. 7B). In contrast, the
TABLE 1
Expression of Wnt3, Wnt5, and Wnt6 Homologs Compared and
Contrasted for Amphioxus and Vertebrates
Wnt gene:
Expression domain Amphioxus Vertebrates References
Wnt3: neural tube
dorsally 1 1 1–6
Wnt3: forebrain ventrally 1 2
Wnt3: forebrain dorsally 2 1 1, 2, 4
Wnt3: limb buds 2 1 19
Wnt3: blastopore
equivalent 1 1 3, 4, 7–11
Wnt3: tail bud 1 1 3, 4, 7–11
Wnt5: forebrain
widespread 1 1 1, 4
Wnt5: anterior ectoderm 1 1 12
Wnt5: pharyngeal
endoderm 1 2
Wnt5: notochord
anteriorly 1 2
Wnt5: pharyngeal
mesenchyme 2 1 12–14
Wnt5: limb buds 2 1 12–14
Wnt5: blastopore
equivalent 1 1 (2*) 1, 4, 15*
Wnt5: tail bud 1 1 1, 4, 15
Wnt6: neural plate/tube 1 2
Wnt6: limb buds 2 1 1, 18
Wnt6: somites dorsally 2 1 1, 16, 17
Wnt6: ectoderm 2 1 1, 16
Wnt6: blastopore
equivalent 1 1 18
Wnt6: tail bud 1 1 18
References: 1, Parr et al., 1993; 2, Wolda et al., 1993; 3, Takada
et al., 1994; 4, Hollyday et al., 1995; 5, Marcelle et al., 1997; 6,
Ikeya et al., 1997; 7, Yoshikawa et al., 1997; 8, Galceran et al.,
1999; 9, Liu et al., 1999; 10, Shum et al., 1999; 11, McGrew et
al., 1997; 12, Dealy et al., 1993; 13, Blader et al., 1996; 14, Rauch
et al., 1996; 15, Beck and Slack, 1998 (* did not find Xwnt5a
expression associated with blastopore of Xenopus); 16, Spo¨rle,
2001; 17, Ikeya and Takada, 1998; 18, Ralf Spo¨rle, personal
communication; Kengaku et al., 1998.hordoneural hinge (AmphiWnt5 expression alone) could
Copyright © 2001 by Academic Press. All rightupply new cells to the notochord, to the floor plate of the
eural tube, and to the dorsal hindgut endoderm (Fig. 7B).
n the other hand, it cannot be ruled out that some
osterior structures in amphioxus could grow entirely by
ndogenous, intercalary cell division without any input
f cells from the tail bud. As already mentioned, a
onclusive demonstration of labeled cells from the am-
hioxus tail bud to differentiated posterior structures is
indered by its extremely small size.
Somitogenesis during the Later Development of
Amphioxus
Even without cell tracing work, there can be little doubt
that the amphioxus tail bud generates the posterior
somites, because they appear periodically as discrete struc-
tures immediately anterior to the tail bud (Fig. 7A). Once
formed, a somite does not subdivide, and thus new somites
can evidently arise only from the tail bud. It is likely that
somitogenesis requires average cell cycle times of well
under 1 day within the tail bud. Even so, it is clear that the
tail bud is not the only source of new cells, because we have
occasionally detected mitotic figures in tissues anterior to
the tail bud, and there is a need for cell kinetic studies with
BrdU or tritiated thymidine.
The somitogenic activity of the amphioxus tail bud has
not always been recognized. Although Hatschek (1881)
accurately described the amphioxus neurenteric canal and
its surrounding epithelium, he incorrectly maintained that
new somites came not from this tissue, but from a separate,
posteroventral germinal zone consisting of two large polar
mesoblast cells. Lwoff (1892) later showed convincingly
that these mesoblast cells were a figment of Hatschek’s
imagination. More accurate conceptions of the amphioxus
tail bud were later published by Kopsch (1897) and Naef
(1926). For them, the epithelial tissues bordering the
neurenteric canal were a germinal zone (“Knospungszone”
of Kopsch; “Schwanzknospe” of Naef) generating new me-
sodermal somites and possibly other tissues. A more recent
claim that the amphioxus tail bud is a uniform mass of
mesenchyme cells (Presley et al., 1996) is simply incorrect.
A mesenchymatous tail bud in amphioxus agrees neither
with our present results nor with Hirakow and Kajita
(1994), who could not detect mesenchyme anywhere in the
developing tissues of amphioxus, which they considered
to be an “epithelial animal” lacking epithelium-to-
mesenchyme interconversions. Mesenchymal cells are
rare even in the adult amphioxus, where they are repre-
sented only by sparse dermal fibroblasts and hemocytes
(Ruppert, 1997).
Evolution of Chordate Tail Buds
It is reasonable to assume that the proximate inverte-
brate ancestor of the vertebrates had an amphioxus-like
tail bud in its larval stage. This archetypal tail bud would
have (1) been a developmental continuation of the gas-
s of reproduction in any form reserved.
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272 Schubert et al.trula’s blastoporal lip, (2) comprised the chordoneural
hinge and the posterior wall of the neurenteric canal, (3)
lacked any component of mesenchyme cells, (4) budded
off new mesodermal segments directly, without any
intervening zone of presomitic mesoderm, and (5) prob-
ably provided cells for the caudal growth of other tissues
like the neural tube and notochord. Then, early in
vertebrate evolution, epithelium-to-mesenchyme inter-
conversions (and the gene networks for effecting them)
became prominent features of development. Perhaps such
interconversions were useful for the production of rela-
tively large organs in relatively large embryos. In any
case, conspicuous mesenchymal components tended to
be added to the vertebrate tail bud itself. In addition, a
mesenchymatous presomitic mesoderm (not a part of the
tail bud proper) came to intervene between the tail bud
and the forming somites. Numerous genes (like c-hairy-1)
are differentially transcribed in the vertebrate presomitic
mesoderm (Rawls et al., 2000; Stern and Vasiliauskas,
2000). It may be that some of these genes function chiefly
in epithelium-to-mesenchyme interconversions, while
others may be homologs of genes that functioned in
generating epithelial somites directly from the epithelial
tail bud of ancestral invertebrate chordates. Thus, the
study of the posterior expression patterns of such genes
in developing amphioxus should help reveal the ancient
and fundamental aspects of chordate segment formation.
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